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Abstract
Granite is a viable host for deep nuclear waste disposal because its low permeability and high strength enable the stable 
and safe operation of the repository. We examined the evolution of the permeability and triaxial mechanical behaviour of 
granite after high-temperature treatment. First, the effect of the high temperature on the physical behaviour and permeability 
evolution of granite was analysed in detail. The mass, P-wave velocity, and thermal conductivity of granite decrease, but the 
volume increases with increasing temperature. The permeability of intact granite increases by four orders of magnitude as 
the cycled temperature increases from 25 to 800 °C. Subsequently, the effect of high temperature on the triaxial deforma-
tion and acoustic emission (AE) behaviour of granite was investigated. Under uniaxial compression at T ≤ 300 °C, the stress 
decreases before the peak strength is reached, corresponding to a significant AE event, which is due to the development 
of multiple splitting tensile fractures along the loading direction. At T ≥ 450 °C,  AE event is observed once a minor stress 
is applied, which results from failure is controlled by thermally induced cracks. However, under triaxial compression, the 
temperature has little effect on the AE characteristics. The granite fails along the shear fracture plane, which becomes wider 
with increasing confining pressure. At T ≥ 600 °C, it is easier to form intragranular cracks and the stress quickly decreases 
after the peak strength is reached. The shear plane is smoother under high confining pressure. Third, the effect of high 
temperature on the peak strength and crack damage threshold of granite was further analysed. Generally, under uniaxial 
compression, the peak strength and crack damage threshold first remain relatively constant at T ≤ 300 °C, begin to decrease at 
T = 450 °C, and decrease more rapidly at T = 600 °C. The confining pressure notably reduces the effect of the temperature on 
the peak strength and crack damage threshold. Finally, the effect and mechanism of high temperature on the triaxial strength 
parameters of granite were further discussed. At T ≤ 300 °C, thermally induced cracks are not notable and the temperature 
has little effect on the strength. At 450 °C≤ T ≤ 600 °C, thermally induced cracks are more notable and the temperature has 
a significant effect on the strength behaviour. Because of the thermal stress released by thermal macrocrack formation, the 
continuous increase in the temperature has little impact on strength.
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List of Symbols
A	� Cross-sectional area of the specimen
L	� Length of the specimen
μ	� Dynamic viscosity of the fluid
P1	� Pressure on the upstream side
Pa	� Standard atmospheric pressure at room temperature
K	� Permeability of the specimen
Q	� Mass flow of the gas at the downstream outlet
σ	� Stress
σa	� Axial stress
σm	� Volumetric stress
σ1	� Maximum principal stress
σ3	� Confining pressure
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p	� Pore pressure
ε1	� Axial strain
ε3	� Circumferential strain
εv	� Volumetric strain
T	� Temperature
K0	� Initial permeability
Ku	� Minimum permeability under elastic compression
αm	� A parameter in theoretical model of permeability
σS	� Maximum supporting capacity (peak strength)
σc	� Uniaxial compressive strength
σcd	� Crack damage threshold
σsd	� The sum of σcd and σ3
ES	� Elastic modulus
ν	� Poisson ratio of rock
Φ	� Porosity
Vp	� P-wave velocity
φ	� Internal friction angle

1  Introduction

Granite is potentially an excellent medium for the disposal 
of high-level nuclear waste (HLW) because it exhibits a low 
native permeability and high integrity (Yang et al. 2017, 
2018; Zhao et al. 2015). Beishan granite has been selected 
as a candidate for HLW disposal in China because of its low 
native permeability. However, the safe isolation of nuclear 
waste from human underground water is very important; 
thus, it is of great significance to study the permeability evo-
lution of granite subjected to high temperature. During the 
decay of radionuclides, a large amount of heat is released, 
heating the rock mass around the emplaced place and caus-
ing damage (Chen et al. 2017a), and thus, it is valuable to 
find out the failure response of granite after high-temper-
ature treatment under triaxial compression. Therefore, the 
permeability evolution and failure response of granite are 
important and must be known to assure the stable and safe 
operation of the HLW repository.

The physical characteristics and mechanical behaviour 
of granite after thermal treatment have been investigated 
for many years. High temperature can lead to the expan-
sion of mineral grains, dehydration and chemical reaction 
of grains in the granite specimen, and transformation of the 
permeability evolution and failure behaviour. The physical 
characteristics of granite mainly refer to the colour, volume, 
mass, density, thermal conductivity coefficient, wave veloc-
ity, mineral composition, and distribution of microcracks. 
Thermal treatment can induce the initiation of microcracks 
in granite and other works, while the confining pressure can 
restrain the propagation and coalescence of microcracks 
(Wang et al. 1989). X-ray micro-CT (computed tomography) 
may be adopted to observe the distribution of microcracks in 
granite. The results show that granite achieves a maximum 

anisotropy and heterogeneity at T = 500 °C (Fan et al. 2018). 
The propagation of microcracks with increasing tempera-
ture can be divided into four stages: 50 °C ≤ T ≤ 250 °C, 
microcracks propagate stably; 250 °C ≤ T ≤ 350 °C, crack 
formation accelerates; 300 °C ≤ T ≤ 350 °C, cracks enter a 
transition stage; and 350 °C ≤ T ≤ 700 °C, cracks enter a final 
development stage (Jiang et al. 2018). It has been reported 
that the heating–cooling process induces significant micro-
cracking in granite, which are manifest as an increase in the 
porosity and gas permeability (Zhang et al. 2018). Optical 
microscopy and X-ray micro-CT, Yang et al. (2017) allow 
the interpretation of the mechanisms of high-temperature 
treatment impacting the mechanical properties of granite.

Real-time high-temperature tests and tests following 
high-temperature treatment are the two main methods that 
are used to investigate the influence of the high tempera-
ture on the failure and mechanical behaviours of granite. 
Real-time high-temperature tests are more approximate in 
representing response at the in situ stress state. Uniaxial and 
triaxial compression tests are two test methods that can be 
used to investigate the failure and mechanical behaviours 
of granite under real-time high temperature conditions. The 
highest temperature of ~ 1200 °C can be reached under uni-
axial compression conditions (Shao et al. 2015). The uni-
axial compressive strength (UCS), deformation, fracture, 
and acoustic emission (AE) characteristics of granite under 
real-time high temperature conditions have been previously 
investigated (Xu and Zhang 2018). Triaxial compression 
tests under real-time high-temperature conditions are based 
on the use of hydraulic fluid to provide the confining pres-
sure and have difficulty in reaching temperatures > 600 °C 
(Zhao et al. 2017). Triaxial compression tests can be used 
to investigate the strength and shear parameters of granite 
under real-time high-temperature conditions. Combined 
with AE, damage analysis can be performed to define the 
strength response (Chen et al. 2018). Using the mechani-
cal parameters obtained from triaxial compressive tests, the 
fracture characteristics anticipated around HLW repositories 
may then be simulated (Guo et al. 2018).

Tests following high-temperature treatment have been 
used for many years to investigate the influence of tempera-
ture on the mechanical behaviour of granite. Wang et al. 
(2017) compared the mechanical behaviour of granite under 
real-time high-temperature conditions both before and after 
thermal treatment. Their experimental results showed that 
real-time high-temperature conditions have a larger effect 
on the mechanical behaviour of granite than when viewing 
behaviour only after thermal treatment. However, the varia-
tion in the mechanical behaviour depending on the tempera-
ture of real-time high-temperature and post-thermal treat-
ment conditions is similar. Therefore, tests of post-thermal 
treatment are commonly used to investigate the effect of the 
temperature on the mechanical behaviour of granite. The 
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degradation in the mechanical parameters as a result of ther-
mal treatment is typically related to the mineral composi-
tion and microstructure of the granite (Chen et al. 2017b). 
Combining these observations of response with X-ray CT 
imaging shows that temperature has a significant effect on 
failure mode (Yang et al. 2017). Variations in the compres-
sive strength, elastic modulus, tensile strength, and fracture 
toughness of granite have been analysed as functions of the 
temperature with four stages of behaviour identified. These 
stages are in the ranges of room temperature—200 °C, 
200–400 °C, 400–600 °C, and > 600 °C, corresponding to 
undamaged, micro-damaged, secondarily damaged, and 
strongly damaged stages, respectively (Hu et al. 2018). High 
temperature also has a significant effect on peak strength, 
deformational characteristics, and failure modes of granite 
with pre-existing fissures (Huang et al. 2017). These prop-
erties are important for the evaluation of stability in rock 
engineering (Yang et al. 2019).

Because an HLW repository is underground, the defor-
mation and failure of the surrounding rock mass are notably 
affected by in situ stresses. Therefore, it is crucially impor-
tant to incorporate the roles of stress on failure and the 
resulting failure upon permeability evolution. In this study, 
the effect of high temperature on the mechanical character-
istics and permeability evolution behaviour of granite was 
analysed in detail. Subsequently, the effect of high tempera-
ture on triaxial deformation and AE behaviour of granite 
was investigated and the peak strength and crack damage 
threshold were analysed. Finally, mechanisms responsible 
for these impacts of high temperature on the triaxial strength 
parameters of granite are discussed.

2 � Experimental Methodology

2.1 � Granite Material

As shown in Fig. 1, the granite used in this study was col-
lected from Rizhao, Shandong Province, China. Based on 
X-ray diffraction (XRD), the granite comprises are quartz 
(11.12%), feldspar (59.85%), biotite (21.56%), amphibole 
(6%), chlorite (1.01%), and dolomite (0.46%). Figure 1 also 
shows the results of polarised light and optical microscopy 
of the granite. The granite has a crystalline structure with a 
connected porosity of 0.828% (Yang et al. 2017). Follow-
ing the grain size terminology of Williams et al. (1954), the 
grain size of the granite ranges between 6 and 18 mm and 
is, thus, classified as a coarse-grained granite. At room tem-
perature, the average density of the tested granite is 2594 kg/
m3, and the P-wave velocity is approximately 4200 m/s. In 
this experiment, the cores of all specimens were obtained 
from the same block of material. The cores have a diameter 
of 50 mm and length of ~ 100 mm, resulting in a length: 
diameter ratio of 2:1 for the mechanical tests, which is in 
accordance with the International Society for Rock Mechan-
ics (ISRM; Fairhurst and Hudson 1999) suggested method.

2.2 � Permeability Testing System and Procedure

Before beginning the permeability tests, the granite speci-
mens were first placed in a furnace and heated at a rate of 
5 °C/min (Shao et al. 2015; Zhu et al. 2016). The prede-
termined temperature was kept constant for 2 h to ensure 
temperature homogeneity across the specimen. For the 

Fig. 1   Granite material with coarse-grained structure at room temperature in this study. Q quartz, F feldspar, B biotite
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permeability tests, the target treatment temperatures were set 
to 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 
700 °C, and 800 °C. After the thermal treatment, the heated 
specimens were left in the furnace to cool down to room 
temperature before measuring the permeability.

It is difficult to measure the coefficient of permeability 
of granite using steady-state liquid flow tests because the 
measurement time for one specimen is too long, ranging 
from several weeks to several months (Davy et al. 2007; 
Consenza and Ghoreychi 1999). Therefore, in this study, 
we used steady-state gas flow tests to measure the granite 
permeability.

The gas permeability test system (see Fig. 2) includes 
a gas pressure loading system, pressure control panel, gas 
pressure sensors, pressure loading system, and triaxial pres-
sure chamber. The gas pressure loading system consists of 
a gas tank, flow pipes and valves in addition to a gas pump-
ing system. Gas pressures may be elevated in the ranges 
0–3 MPa to 0–40 MPa. The gas pressure sensors have three 
different scales to improve measurement accuracy. Further-
more, a high-precision pressure-controlled metering pump 
provides constant prescribed axial, lateral and triaxial 
stresses. Note that the maximum confining pressure of the 
test system is 60 MPa, which is smaller than the compres-
sive strength of the granite tested in this experiment. The 
system can measure permeability to > 1025/m2 with this limi-
tation resulting only from the enhance errors entrained in the 
excessive duration of the experiment.

The measurement of permeability under different tri-
axial stresses is described as follows. First, the cooled 

down specimen is imaged by high-magnification electron 
microscopy and its weight and dimensions are measured. 
For the permeability experiment, the cooled down speci-
men is placed into the triaxial pressure chamber and a small 
(0.1–0.2 MPa) axial stress is applied to ensure mating and 
sealing of the specimen ends with the platens. Subsequently, 
a confining pressure with a specified value is applied at a 
constant rate of 0.5 MPa/s. The confining pressure valve 
is then closed and the axial stress valve is opened to apply 
the designed axial stress on the specimen. Subsequently, the 
confining and axial stresses are kept constant, while a gas 
pressure is applied on the specimen using the pressure load-
ing system. After each stress increment, the gas mass flow at 
the outlet end rapidly increases and then stabilises. The gas 
mass flow at the outlet side is recorded every minute. When 
the difference between the current and former values is lower 
than 2%, the value is regarded as the steady-state magnitude 
and the permeability under a certain triaxial stress can be 
calculated as:

where A and L are the cross-sectional area and length of the 
specimen, respectively; μ is the dynamic viscosity of the 
fluid (μ ≈ 1.8 × 10−5 Pa s for pure nitrogen at room tempera-
ture under the applied pore pressure); P1 is the pressure on 
the upstream side; Pa is the standard atmospheric pressure 
at room temperature; K is the permeability of the specimen; 
and Q is the mass flow of the gas at the downstream outlet.

(1)Q =
KAP2

1

2�LPa

,

Fig. 2   Gas permeability test system developed by State Key Laboratory for Geomechanics and Deep Underground Engineering, China Univer-
sity of Mining and Technology



An Experimental Study of Effect of High Temperature on the Permeability Evolution and Failure…

1 3

To ensure the stability and safety of deep nuclear waste 
disposal together with the influence of groundwater, it is 
important to identify the relationship between the perme-
ability and effective stress of the rock. Therefore, a series of 
gas seepage tests was carried out on granite specimens with 
the same pore pressure under constant axial stress, confining 
pressure, and hydrostatic pressure. The compressive stress 
paths of the permeability tests of the granite specimens are 
shown in Fig. 3.

2.3 � Mechanical Testing System and Procedure

Conventional triaxial compression was applied to the gran-
ite specimens using a GCTS RTX-4000 high-temperature 
and high-pressure rock triaxial testing system, as shown in 
Fig. 4a. The maximum axial loading capacity, maximum 

confining pressure, and maximum pore pressure were 
4000 kN, 140 MPa, and 140 MPa, respectively. The axial 
and circumferential deformations were measured with an 
axial Linear Variable Differential Transducer (LVDT) with 
a maximum displacement range of 5 mm, as shown in 
Fig. 4b. During loading, the AE was monitored using a 
micro-II measuring system manufactured by the Physical 
Acoustic Corporation (PAC) and the amplitude threshold 
of the sensors was set to 60 dB.

The target treatment temperatures for the triaxial 
mechanical tests were set to 25  °C, 150  °C, 300  °C, 
450 °C, 600 °C, and 750 °C. The heated granite specimens 
were left in the furnace to cool down to room temperature. 
After the thermal treatment, the granite was tested using a 
GCTS RTX-4000 high-temperature and high-pressure rock 
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Fig. 3   Different compression stress paths in the permeability tests of granite specimens. a Constant axial stress and pore pressure; b constant 
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Fig. 4   RTX-4000 high-temperature and high-pressure triaxial rock testing system. a Overview of the testing system; and b detailed axial and 
lateral linear variable differential transducers
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triaxial testing system with the confining pressure set to 0, 
10, 20, 30, and 40 MPa, respectively.

The conventional triaxial experiments consisted of 
the following two steps: First, the confining pressure 
was increased to the desired value at a constant rate of 
4.0 MPa/min to ensure that the specimen was under uni-
form hydrostatic stress. Deviatoric stress (σ1–σ3) was then 
applied to the specimen at a constant axial displacement 
rate of 0.04 mm/min (~ 6.67 × 10−6/s) until the post-peak 
failure stage was reached (in accordance with the method 
suggested by ISRM).

The Transient Plane Source (TPS) method introduced 
by Gustafsson (1991) and Log and Gustafsson (1995) was 
utilised to measure the thermal conductivity of the speci-
mens. The hot disk sensor (a hot source and dynamic tem-
perature sensor) was sandwiched between two specimens, 
as shown in Fig. 5. The hot disk sensor was first heated 
and then used to monitor the variation in the temperature 
(Zhao et al. 2016). This method has been widely applied 
to measure the thermal conductivity of rocks (Urquhart 
and Bauer 2015).

3 � Effect of High Temperature on the Physical 
Behaviour and Permeability Evolution 
of Granite

3.1 � Effect of High Temperature on the Physical 
Behaviour

We analyse the effect of high temperature on the physical 
behaviour of granite using the volume and mass variation 
rates of granite in response to changes in temperature, as 
shown in Fig. 6. The volume and mass variation rates are 
defined as the ratio between the changed and initial volumes 
and masses, respectively.

Figure  6a shows that the volume variation rate first 
increases at 150 °C and then remains relatively constant at 
300 °C. This result is because the volume of the mineral 
grains in the granite increases with increasing temperature 
at T ≤ 300 °C; but the residual strain of the mineral grains is 
smaller after cooling, resulting in an insignificant changes 
in the volume variation rate. At 450 °C, the volume varia-
tion rate starts to increase as a result of phase changes and 

Fig. 5   The hot disk TPS-500 
system
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the oxidation of biotite at 400 °C. Natural biotite exists in 
quasi-stable crystalline forms of 3 T and 1 M, whereas the 
stable crystal form of biotite is in a 2M1 state after heat 
treatment at temperatures above 400 °C. In addition, the 
Mg2+ in biotite oxidises during the heating (Sun 1987; Chen 
et al. 2017a):

At 600 °C, the volume change rate of the granite speci-
men drastically increases. The quartz transforms from α 
phase to β phase. When the temperature exceeds 573 °C, 
the quartz grains will expand. However, the quartz retrans-
forms from β phase to α phase as the temperature decreases 
to < 573 °C during cooling. The expansion of the quartz 
grains leads to the dislocation of mineral grains, initiation 
of cracks, and residual deformation above a temperature 
of 573 °C. At 750 °C, the volume variation rate remains 
relatively constant due to the formation of macrocracks at 
600 °C and thermal stress release.

Heating can also lead to the dehydration of granite: at 
25 °C ≤ T ≤ 100 °C as the absorbed water evaporates. At 
100 °C ≤ T ≤ 300 °C, the bound and crystal water escape; 
and at 300 °C ≤ T ≤ 400 °C, the crystal and structural water 
escape (Sun et al. 2015). Therefore, the mass of the granite 
specimens decreases with an increase in temperature from 
25 to 150 °C, as shown in Fig. 5b. However, at 300 °C, the 
mass decrease slows down because the amount of bounded 
and crystal water in the granite specimen is relatively low. 
As a result of the oxidation of biotite and the escape of 

K2Mg2+
6
[Si6Al2O20](OH)4 + O2

= K2Mg2+
2
Mg3+

4
[Si6Al2O20]O4 + H2O ↑

K2Mg2+
6
[Si6Al2O20](OH)4 + O2

= K2Mg2+
2
Mg3+

4
[Si6Al2O20]O4 + 2H2 ↑ .

crystal and structural water, the mass of the granite quickly 
decreases again at 450 °C. At 600 °C, the mass of granite 
also decreases quickly because of the phase transformation 
of quartz and fragments separating from the specimen. At 
750 °C, the mass continuously decreases. This may be due 
to continuous separation of fragments—suggested by the 
observation that the values of the volume variation rate are 
generally larger than the values of the mass variation rate.

The variation in the thermal conductivity caused by 
thermal damage is related to heat dissipation and stabil-
ity of the nuclear waste repository. Knowledge of the 
thermal conductivity as a function of the temperature is 
critical for the stable operation of the repository (Sund-
berg and Hellström 2009; Zhao et al. 2016). The change 
in thermal conductivity with temperature was measured 
using a TPS-500 system (Fig. 5), as shown in Fig. 7a. At 
T ≤ 300 °C, the thermal conductivity decreases almost lin-
early with increasing temperature; at 450 °C, the thermal 
conductivity decreases with increasing temperature again 
approximately linear; and at 600 °C, the thermal conduc-
tivity notably decreases, indicating that the large amount 
of microcracks caused by the quartz phase transition leads 
to a notable decrease in the thermal conductivity of gran-
ite. However, as the temperature increases from 600 to 
750 °C, fewer new thermal cracks form and the thermal 
conductivity remains relatively constant. The thermal con-
ductivity at T = 750 °C is 1.22 W/mK, which is 50% of the 
room temperature value of 2.53 W/mK, indicating that 
high temperature has a significant effect on the thermal 
conductivity of granite.

Figure  7b shows the effect of high temperature on 
the P-wave velocity of the granite, providing a potential 
method to evaluate the variation in thermal damage. Fig-
ure 7b shows that the P-wave velocity linearly decreases 
with increasing temperature at T ≤ 450 °C; at T = 600 °C, 
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the P-wave velocity rapidly decreases, indicating signif-
icant damage to the granite specimen under the influ-
ence of high temperature. At 750 °C, the P-wave velocity 
remains essentially unchanged over the range 600–750 °C 
with the increase in temperature resulting in little new 
damage. These trends in behaviour with temperature are 
similar to those previously observed for Beishan granite 
(Zhao et al. 2018).

Heating can induce thermal microcracks in gran-
ite, leading to changes in the physical and mechanical 
behaviour of granite specimens. Figure  8 shows the 
microstructure of granite after thermal treatment obtained 
from optical microscopy. At T ≤ 300 °C, very few ini-
tial microcracks are observed and the mineral grains are 
tightly cemented. At 450 °C, intergranular cracks can be 
observed, which means that the microstructure is weak-
ened by thermal stress. Figures 6 and 7 show that the 
temperature of 450 °C represents an inflection point with 
respect to changes in volume and thermal conductivity. At 
600 °C, an intergranular network of cracks forms around 
each grain, which is due to the phase transformation of 
quartz that causes the polygonal grains to become iso-
lated. In addition, several intragranular cracks form. At 
750 °C, the distribution of the microcracks is similar to 
that at 600 °C, but the resulting microcracks are wider.

3.2 � Effect of High Temperature on Permeability 
Evolution Under Triaxial Compression

A series of permeability measurements with various gas 
pressures was completed with the permeability calculated 
using Eq. (1). The mass flow rate of the gas is proportional 

to the gas pressure enabling permeability to be accurately 
obtained.

Figure 9a shows the relationship between the gas pressure 
and mass flow rate (Q–P1 curve) after the specimens were 
treated at different temperatures. Figure 9a shows that the 
curve steepens with increasing temperature, which means 
that the permeability increases notably. Figure 9b shows 
that the permeability varies with increasing temperature 
because the hydrostatic stress significantly influences the 
permeability of rocks. The volumetric stress (σm) is plot-
ted in Fig. 9b. The figure shows that the temperature has a 
significant effect on the permeability at a volumetric stress 
of 50 MPa. Figure 9b shows that the permeability increases 
from 10−18 to 10−14 (0.001–10 mD) when the temperature 
increases from 25 to 800 °C. In other words, the perme-
ability is 10,000 times as large as the initial value when the 
temperature increases from 25 to 800 °C. Furthermore, note 
that the permeability of the granite increases insignificantly 
as the temperature increases from 25 to 300 °C. The perme-
ability coefficient of granite then increases slightly when 
the temperature increases from 300 to 500 °C, but increases 
rapidly from 500 to 800 °C.

Figure 10 shows the permeability evolution of granite 
after different high-temperature treatments. In Fig. 10, 
three different loading paths, as shown in Fig. 3, are pre-
designated. These represent, respectively, an axial stress 
increase under constant confining pressure, a confining 
pressure increases under constant axial stress, and an 
increase in axial stress and confining stress at the same 
rate (hydrostatic pressure). The maximum axial stress and 
confining pressure is limited to 60 MPa by the experimen-
tal apparatus. Importantly, this is significantly smaller than 

Fig. 8   Micro-structure of granite after thermal treatment obtained by optical microscopy (× 50)



An Experimental Study of Effect of High Temperature on the Permeability Evolution and Failure…

1 3

the UCS according to the results of uniaxial compression 
experiments on granite (Yang et al. 2017). Accordingly, 
the granite specimen experiences elastic compression only.

Figure  10 shows that the permeability of granite 
decreases with increasing axial and confining pressure, 
while the confining pressure (σ3) has a larger influence 
than the axial stress (σa) in the range of 10–50  MPa. 
Taking the experimental result for 25 °C as an example, 
when the axial stress increases from 10.13 to 49.04 MPa 
(σ3 = 10 MPa), the permeability coefficient of granite 
decreases from 0.0031 to 0.0026 mD, while the perme-
ability of granite sharply decreases from 0.00426 mD 
(4.26 × 10−18  m2) to 0.000668  mD (6.68 × 10−19  m2) 
with the increase in the confining pressure from 9.86 to 
49.3 MPa (σa = 10 MPa). This may be related to the differ-
ence between the directions of the permeability measure-
ment and axial stress. The permeability of granite under 
different hydrostatic pressures is also shown in Fig. 10. 
The influence of hydrostatic pressure on the permeability 
varies with temperature.

To analyse the effect of the volumetric stress (σm) on the 
permeability of granite, the following theoretical model was 
constructed in this study:

where K0 is the initial permeability; Ku is the minimum 
permeability under elastic compression; and αm is a model 
parameter, which is related to the deformation modulus.

Figure 11 shows typical effect of volumetric stress on 
the permeability of granite specimens at T = 25 and 800 °C. 
From Fig. 11, we can see that the permeability of the granite 
specimens decreases exponentially with increasing volumet-
ric stress, while the deviatoric stress is zero. The theoreti-
cal curves calculated using Eq. (2) were compared with the 

(2)K = (K0 − Ku) exp(−�m�m) + Ku,

experimental results. The theoretical curves agree very well 
with the experimental results. With increasing volumetric 
stress, the permeability of the granite specimens first rapidly 
decreases and then gradually stabilises.

The initial permeability (K0) is that at zero compressive 
stress. With increasing volumetric stress, the permeability 
gradually decreases to a constant value under elastic compres-
sion, which is regarded as the ultimate permeability of rock. 
Figure 12a shows that the initial and ultimate permeabilities 
of granite have similar correlations with temperature. With 
increasing temperature, the initial and ultimate permeabilities 
simultaneously increase. A notable exponential relationship 
can be observed between the initial permeability and tempera-
ture as well as the ultimate permeability.

Based on the theoretical curves shown in Fig. 11, we can 
obtain the variation in the parameter αm with temperature, 
as shown in Fig. 12b. Figure 12b shows that the αm value 
increases as the temperature increases from 25 to 500 °C, but 
it decreases sharply at temperatures above 500 °C. The physi-
cal meaning of parameter αm is that the volumetric strain under 
compression increases notably with the increase in parameter 
αm (Xu and Yang 2019), which also means that the bulk modu-
lus is inversely proportional to αm.

4 � Effect of High Temperature on Triaxial 
Deformation and AE Behaviour of Granite

4.1 � Triaxial Stress–Strain Curves of Granite After 
Different High‑Temperature Treatments

Figure 13 shows triaxial deviatoric stress–axial strain and 
circumferential strain curves of granite after different high-
temperature treatments. The triaxial stress–strain curve of 
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granite can be divided into five stages: (I) initial pore and 
fissure closure stage, (II) elastic deformation stage, (III) 
plastic deformation stage, (IV) post-peak failure stage, and 
(V) residual strength stage.

(I) Initial pore and fissure closure stage: The axial strain 
of granite increases quickly, while the axial deviatoric 
stress increases slowly. The deviatoric stress–axial strain 
curve is concave. The initial pore and fissure closure stage 

becomes less notable with increasing confining pressure 
due to the closure of the micro-fissures and micro-pores. 
Note that, at the same confining pressure, more micro-
fissures and micro-pores in the specimens initiated by ther-
mal damage can be observed with increasing temperature 
and thus, initial pore and fissure closure stage becomes 
more notable.
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(II) Elastic deformation stage: The deviatoric stress 
increases linearly with increasing axial and circumfer-
ential strain. The slope between the deviatoric stress and 
axial strain increases with increasing confining pressure 
and becomes more sensitive to the confining pressure after 
undergoing higher-temperature treatment. After high-
temperature treatment, the structure of granite specimens 
becomes looser due to thermal damage. The confining 
pressure restrains the displacement and enhances the fric-
tion among grains and the slope becomes more sensitive 
to the confining pressure under the condition of higher 
temperature.

(III) Plastic deformation stage: The slope between the 
deviatoric stress and axial strain decreases with increasing 
axial strain, and the circumferential strain increases nonlin-
early. Under uniaxial compression, the stress concentration 
leads to local failure in granite specimens because they lose 
their ability to resist the deformation. The slope continues 

to decrease before the peak strength is reached, which cor-
responds to the rapid increase in the circumferential strain. 
With increasing temperature, more thermal micro-cracks 
are initiated and the bearing structure of granite specimen 
is damaged. Therefore, the ability to store strain energy in 
granite specimens decreases and the mineral grains have 
more spaces to adjust. When local stress failure occurs, less 
strain energy is released and fewer cracks propagate. Thus, 
the decrease of slope is not notable. Under the influence 
of the confining pressure, more adjustment abilities are 
observed among mineral grains and it is difficult to produce 
the stress concentration nearby the grains. Therefore, a stress 
drop cannot be observed in the stress–strain curve of the 
granite under the confining pressure.

(IV) Post-peak failure stage: The increase of microcrack 
initiation, propagation, and coalescence are observed dur-
ing the loading process. Therefore, macrocracks form and 
the stress decreases quickly with increasing axial strain. 
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At T ≤ 450  °C, the granite specimens experience more 
local damage under uniaxial compression; the deviatoric 
stress–strain curves, thus, show more stress drops and the 
granite specimens fail slowly. At T ≥ 600 °C, less strain 
energy is stored in the granite specimen and the devia-
toric stress decreases gradually after reaching the peak 
strength. Under the influence of confining pressure, the 
granite specimens fail generally along the shear fracture 
plane. The tested granite specimens have coarse-grained 
structures and the intragranular failure involves more stress 
than intergranular failure. Therefore, the cracks can propa-
gate more easily along intergranular fracture planes than 
intragranular fracture planes. At T ≤ 450 °C, the deviatoric 
stress decreases gradually with increasing axial strain due 
to intergranular shear plane propagation. At T ≥ 600 °C, the 
peak strength of the granite specimens decreases due to heat-
induced intragranular cracks. At a higher confining pressure 
(σ3 = 40 MPa), intragranular cracks form more easily with 
the decrease of axial stress, the shear plane is smoother, and 
the stress decreases dynamically, as shown in Fig. 13e, f.

(V) Residual strength stage: under the influence of confin-
ing pressure, interlocking and friction forces exist between 
the mineral grains of the granite specimens. Therefore, the 
deviatoric stress remains relatively constant with continu-
ous loading after the post-peak failure stage. The interlock-
ing and friction forces increase with increasing confining 
pressure, which also leads to the increase in the residual 
strength with increasing confining pressure. At T ≥ 600 °C 
and a higher confining pressure (σ3 = 40 MPa), the shear 
plane is smoother, which leads to a lower residual strength 
of the granite specimen.

The evolution of the volumetric strain (εv) after high-
temperature treatment and for different confining pressures 
is shown in Fig. 14. The parameter εv refers to the volu-
metric strain, which is calculated from the sum of the axial 
strain (ε1) and twice the radial strain (ε3; i.e. εv = ε1 + 2ε3). 
The volumetric strain is characterised by an initial phase 
of compaction-dominated behaviour followed by a phase of 
dilatancy-dominated behaviour, as shown in Fig. 15c. After 
point A, the compaction is in direct competition with dila-
tancy (although the specimen is still in a state of net com-
paction). Eventually, the rates of compaction and dilatancy 
become equal at point B, resulting in an inflection point in 
the volumetric strain curve. The crack damage threshold 
(σcd) of the specimen (Wong et al. 1997; Fairhurst and Hud-
son 1999; Heap et al. 2009; Yang et al. 2015) is defined as 
the corresponding axial deviatoric stress at which the volu-
metric deformation of the specimen switches from compac-
tion dominated to dilatancy dominated. As the stress further 
increases, more microcracking occurs and the granite speci-
men continues to dilate. The volumetric strain of the granite 
specimen eventually returns to zero strain (Point C) and then 
continues to increase until the specimen fails.

At T ≤ 450 °C, the potential for volume shrinkage dur-
ing subsequent loading is small due to the closure of partial 
cracks under the confining pressure. Therefore, under the 
same axial stress, the amount of shrinkage of the speci-
men decreases with increasing confining pressure before 
the crack damage threshold is reached. The corresponding 
volume strain is also smaller. Under uniaxial compression, 
the local expansion of the cracks causes a sudden volume 
expansion, which is due to the axial splitting of the specimen 
under uniaxial compression. Due to the restrained confining 
pressure, the specimen expands rapidly following damage. 
Under the confining pressure, the volume expansion of the 
specimen is restricted. The volume expansion rate of the 
specimen decreases as the confining pressure increases. At 
T ≥ 600 °C, the crystal grains are liable to slip during the 
compression because the bearing structure of the specimen 
is broken such that the specimen expands in the beginning 
of uniaxial compression. The thermal cracks in the speci-
men close under the influence of the confining pressure, the 
friction between the crystal grains increases, and the bearing 
capacity of the specimen rapidly increases. High confining 
pressure also causes a decrease in the volumetric shrinkage 
potential of the specimen. Therefore, the volumetric com-
pression rate of the specimen decreases with increasing con-
fining pressure before the damage threshold is reached. Sim-
ilarly, the confining pressure limits the volume expansion of 
the specimen. After the crack damage threshold is reached, 
the volume expansion rate of the specimen decreases with 
increasing confining pressure.

4.2 � Effect of High Temperature on Deformation 
Parameters Under Triaxial Compression

Figure 15a, b, respectively, presents the variation of the elas-
tic modulus (ES) of granite depending on the temperature 
and confining pressure. The elastic modulus is defined by 
the average slope of the approximately straight portion (i.e. 
from the elastic initial value to the elastic limit) of the axial 
deviatoric stress–axial strain curve before the peak strength 
is reached.

From Fig. 15a, it can be seen that the elastic modulus 
of granite under uniaxial compression slightly increases 
when the temperature increases from 25 to 150 °C and 
slowly decreases when the temperature increases from 150 
to 300 °C. This elastic modulus then quickly decreases as the 
temperature increases from 300 to 600 °C and then remains 
relatively constant when the temperature increases continu-
ously to 750 °C. Note that the elastic modulus of granite 
under uniaxial compression increases from 25 to 150 °C for 
the following reasons. The absorbed and bound water in the 
specimen evaporates and escapes, which increases the fric-
tion forces between the crystal grains. Additively, thermal 
residual deformation, the bond between the crystal grains 
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becomes higher. These two effects are additive and result in 
an increase in the elastic modulus of the granite under uni-
axial compression as the temperature increases from 25 to 
150 °C. Thermal cracks continue to appear as the tempera-
ture increases from 150 to 600 °C, resulting in a decrease in 
the elastic modulus of the specimen under uniaxial compres-
sion. However, the increase in the confining pressure leads 
to the closure of some of the thermal cracks such that the 
elastic modulus decreases with decreasing temperature at the 
same confining pressure. When the temperature increases 
from 600 to 750 °C, the thermal stress is released due to the 
occurrence of through-going macroscopic cracks and the 
formation of later cracks becomes difficult. Therefore, the 
elastic modulus changes insignificantly.

From Fig. 15b, it can be seen that the elastic modulus of the 
granite quickly increases when σ3 increases from 0 to 10 MPa 
at 25 °C and 150 °C. Subsequently, the ES of the granite 
remains relatively constant with continuously increasing con-
fining pressure. At 300 °C and 450 °C, the elastic modulus 

of granite also quickly increases as σ3 increases from 0 to 
10 MPa, but only slowly increases with the confining pressure 
when σ3 is greater than 10 MPa. At 600 °C and 750 °C, the 
elastic modulus continuously and nonlinearly increases with 
increasing confining pressure. Based on the above-mentioned 
analysis, the elastic modulus of the granite rapidly increases 
as the confining pressure increases from 0 to 10 MPa, which is 
independent of the temperature. With the continuous increase 
in the confining pressure from 10 to 40 MPa, the rate of 
increase in the elastic modulus also increases with increasing 
temperature. At T = 25 °C and 150 °C, almost no microcracks 
can be observed in the granite specimens, except for the ini-
tial pores. Therefore, the increase in the confining pressure 
from 10 to 40 MPa cannot result in the closure of microc-
racks and pores. However, at T = 600 °C and 750 °C, more 
thermal cracks are induced and the potential for microcrack 
and pore closure is large. With increasing confining pressure, 
the microcracks and pores continue to close and the frictional 
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force greatly increases. This leads to the continuous increase 
in the elastic modulus.

Figure 15c, d shows the variation in the Poisson ratio 
(ν) of the granite specimens after high-temperature treat-
ment at different confining pressures. The Poisson ratio 
is the average of the absolute ratios of the circumferential 
strain and axial strain in the range of 30–70% of the triaxial 
compressive strength. Figure 15c shows that the Poisson 
ratio under uniaxial compression first increases gradually 
when the temperature increases from 25 to 300 °C and then 
rapidly increases when the temperature increases from 300 
to 750 °C. Under the influence of the confining pressure, 
the temperature has almost no effect on the Poisson ratio of 
granite. Following high-temperature treatment, the granite 
specimens contain more microcracks and the mineral grains 
in the granite specimens rotate more easily. Therefore, the 
granite specimens more easily expand in the circumferential 
direction under uniaxial compression. However, the confin-
ing pressure restrains the rotation of the mineral grains and 
thus the temperature only has a small effect on Poisson ratio 
under triaxial compression. Figure 15d depicts the variation 
in Poisson ratio of the granite specimens depending on the 
confining pressure. From Fig. 15d, we can see that the con-
fining pressure also has only a small effect on Poisson ratio 
at T ≤ 300 °C. At T ≥ 450 °C, the Poisson ratio significantly 
decreases when the confining pressure is applied and then 
remains relatively constant with continuously increasing 
confining pressure. This means that thermal cracks are ini-
tiated in the specimen at 450 °C and the mineral grains rotate 
more easily. The confining pressure can restrain the rotation 
of the grains and thus, the Poisson ratio quickly decreases 
under the increased confining pressure. However, while the 
confining pressure can restrain the grain rotation, closure 
of thermally induced cracks can also occur, leading to a 
decrease in the adjustment space of mineral grains. Under 
axial loading, the expansion in the circumferential direction 
is easier than in axial direction. Therefore, the Poisson ratio 
of granite remains relatively constant when the confining 
pressure increases.

4.3 � Effect of High Temperature on the AE 
and Failure Behaviour Under Triaxial 
Compression

Figures 16 and 17 show the typical AE characteristics of 
granite specimens after high-temperature treatment under 
uniaxial and triaxial (σ3 = 30 MPa) compression. The tem-
perature has a significant effect on the AE characteris-
tics. The AE and AAE represent the acoustic emission 
and accumulated acoustic emission, respectively. Under 

uniaxial compression at T ≤ 300 °C, a stress decrease can 
be observed before the peak strength is reached, which 
corresponds to a significant AE event. This means that 
local damage occurs before the peak strength is reached 
under uniaxial compression. However, at T ≥ 450  °C, 
AE can be observed when axial compression is applied 
because more thermal cracks are induced and the grains 
immediately begin to adjust. Under triaxial compression, 
the temperature has little effect on the AE characteristics. 
However, at T ≥ 600 °C, intragranular cracks more eas-
ily form and the stress quickly decreases after the peak 
strength is reached. The AE does not increase after the 
peak strength is reached.

Figure 18 presents the ultimate failure modes of granite 
after thermal treatment under triaxial compression. The 
granite specimens fail in an axial splitting tensile mode 
under uniaxial compression, while they fail in a shear 
mode under triaxial compression. Under uniaxial compres-
sion at T ≤ 450 °C, the splitting tensile cracks are numer-
ous and almost parallel to the loading direction although 
few bifurcate. The multiple splitting events correspond to 
multiple stress drops during loading. At T ≥ 600 °C, more 
thermal macrocracks are induced in the granite specimens 
and the ultimate failure mode is controlled by these ther-
mally induced macrocracks. Tensile cracks are densely dis-
tributed in the specimen and not completely parallel to the 
loading direction. During loading, the thermally induced 
macrocracks coalesce. The cracks slowly propagate and 
the stress–strain curves show increased ductility.

Under triaxial compression, the failure mode of the 
granite specimens at room temperature transforms from 
a single shear plane to rhombohedral shear plane with 
increasing confining pressure, and the shear fracture plane 
widens with increasing confining pressure. At T = 150 °C 
and 300 °C, the widening of the cracks is more notable. At 
T = 450 °C, the shear plane widens with increasing con-
fining pressure, while two parallel shear planes exist at 
σ3 = 40 MPa. Because intergranular fractures form more 
easily than intragranular cracks and also interlocking and 
frictional forces increase with increasing confining pres-
sure, grains close to the shear plane exert a greater influ-
ence on the grains neighbouring when the shear plane 
forms—resulting in a widening of the shear plane. At 
T ≥ 600 °C, the grains weaken and thermally induced and 
intragranular cracks more easily form under high shear 
stress. Therefore, the shear plane is smoother under a high 
confining pressure (σ3 = 40 MPa), which corresponds to a 
sudden stress decrease after the peak strength is reached.
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5 � Effect of High Temperature on Strength 
Behaviour of Granite Under Triaxial 
Compression

5.1 � Effect of High Temperature on Peak Strength 
Behaviour Under Triaxial Compression

Figure 19a shows the variation in the peak strength of gran-
ite under triaxial compression as a function of temperature. 
At T ≤ 300 °C, absorbed, bound, and crystal water escape, 
but smaller residual strain and thermally induced microc-
racks occur. At 300 °C ≤ T ≤ 500 °C, the crystal and struc-
tural water escape and Mg2+ in biotite oxidises, resulting in 
several heating-induced microcracks. At T = 573 °C, more 
thermal microcracks are initiated and macrocracks form due 
to the phase transformation of quartz. Because of the forma-
tion of macrocracks, thermal stress is released and the con-
tinuous increase in the temperature does not lead to the for-
mation of more microcracks. Therefore, the peak strength of 

the granite remains relatively constant under uniaxial com-
pression at T ≤ 300 °C. The peak strength of granite quickly 
decreases at 300 °C ≤ T ≤ 600 °C. Subsequently, the peak 
strength stabilises at 600 °C ≤ T ≤ 750 °C. With increasing 
confining pressure, the interlocking and frictional forces 
between the grains increase, which can lead to an increase 
in the peak strength. At the same time, the confining pres-
sure can lead to the closure of heat-induced cracks. The peak 
strength, therefore, remains relatively constant at T ≤ 450 °C. 
At T = 600 °C, more cracks are induced by heating and the 
peak strength of granite notably decreases. The effect of the 
temperature on the peak strength of granite decreases with 
increasing confining pressure.

Figure 19b depicts the variation in the peak strength of 
granite after different high-temperature treatments with 
increasing confining pressure. The peak strength of the gran-
ite increases with increasing confining pressure, regardless 
of the temperature. Note that the peak strength nonlinearly 
increases with increasing confining pressure. Furthermore, 
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Fig. 16   Typical AE characteristic of granite specimens after high-temperature treatment (T = 150  °C and 300  °C) under uniaxial and triaxial 
(σ3 = 30 MPa) compression
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the nonlinearity becomes more pronounced with increas-
ing temperature. The amount of thermally induced cracks 
increases with increasing temperature and the confining 
pressure can induce the closure of these cracks. Therefore, 
if the amount of thermally induced cracks is larger, the 

increase in the peak strength becomes more notable after 
the confining pressure is applied. If the uniaxial compressive 
strength is not used for the regression, the peak strength of 
the granite increases near linearly with increasing confining 
pressure.
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Fig. 17   Typical AE characteristic of granite specimens after high-temperature treatment (T = 450 °C, 600 °C and 750 °C) under uniaxial and 
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Fig. 18   Ultimate failure mode of granite specimen after high-temperature treatments under different confining pressures
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5.2 � Effect of High Temperature on the Crack 
Damage Threshold Under Triaxial Compression

Figure 20a presents the crack damage threshold under tri-
axial compression with increasing temperature. Similar to 
the peak strength, the crack damage threshold under uniaxial 
compression remains relatively constant at T ≤ 300 °C and 
quickly decreases when the temperature increases from 300 
to 600 °C. At T ≥ 600 °C, the bearing structure of the gran-
ite is damaged, the granite specimens immediately expand 
under uniaxial loading, and the crack damage threshold is 
close to zero

Confining pressure can restrain the initiation of cracks; 
thus, the crack damage threshold increases with increasing 
confining pressure. Figure 20b shows that the crack damage 
threshold increases nonlinearly with increasing confining 

pressure, similar to the peak strength. The crack damage 
threshold also increases linearly with the confining pressure, 
except for that under uniaxial compression. The confining 
pressure can result in the closure of thermally induced cracks 
and reduction of the stress concentration at the tips of cracks. 
Therefore, the propagation of thermally induced cracks is 
restrained. Furthermore, the confining pressure can change 
the directions of crack initiation and propagation. The failure 
mode of granite specimens can transform from tensile split-
ting to shear fracture. The crack damage threshold of granite 
quickly increases with increasing confining pressure. The 
confining pressure reduces the stress concentration but also 
restrains the crack propagation, whereas it does not nota-
bly change the crack initiation and propagation directions. 
Therefore, the crack damage threshold linearly increases 
with increasing confining pressure.
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Note that the peak strength and crack damage threshold 
of granite slightly increase when the temperature increases 
from 25 to 150 °C. In theory, cracks are induced by heat-
ing and the strength decreases. At T = 150 °C, grain expan-
sion may not induce thermal cracks and absorbed, bound, 
and crystal water escape, which leads to an increase in the 
frictional resistance between the grains. Based on direct 
shear tests, Mitchell et al. (2013) investigated the variation 
in the frictional coefficient depending on the temperature, 
as shown in Fig. 21a. The frictional coefficient increases 
linearly with temperature. Therefore, the peak strength and 
crack damage threshold increase at 150 °C.

Figures 19a and 20a show that the confining pressure 
can reduce the effect of temperature excursions on the peak 
strength and crack damage threshold. To quantify the effect 
of temperature on the peak strength and damage threshold, 
the ratio between the mean squared error and average value 
of the peak strength and crack damage threshold after the 
same temperature treatment was introduced. Figure 21b 
shows that the ratio is maximal. This means that the tem-
perature has the greatest effects on the peak strength and 
crack damage threshold. At σ3 = 10 MPa, the ratio quickly 
decreases, suggesting that the application of the confining 
pressure notably reduces the effect of the temperature on 
the peak strength and crack damage threshold. However, the 
ratio slowly decreases with increasing confining pressure, 
suggesting that an increase in the confining pressure only 
slightly decreases the effect of the temperature on the peak 
strength and crack damage threshold.

5.3 � Effect of High Temperature on Hoek–Brown 
Criterion Strength Parameters

To illustrate the nonlinear response of the peak strength and 
crack damage threshold of granite to the confining pressure, 
the Hoek–Brown criterion (Hoek and Brown 1980; Hoek 

1990) can be used. It describes the relationship between the 
peak strength, crack damage threshold, and confining pres-
sure. The Hoek–Brown criterion can be expressed as:

where σc is the uniaxial compressive strength and m and 
s are basic parameters representing the rock, which vary 
depending on the rock type. The parameter m reflects the 
weakness of the rock. The bigger the − m coefficient, the 
stronger the rock. The parameter s reflects the extent of pre-
existing (or evolving) fractures and ranges from 0 to 1 with 
unity representing intact rock.

To describe the strength and fracture of granite after ther-
mal treatment, σc is set to the uniaxial compressive strength 
of granite at room temperature. When s is larger than 1, s 
is set to 1, and when s is smaller than 0, s is set to 0. Based 
on the regression of the peak strength and crack damage 
threshold under different confining pressures, s and m values 
of the granite specimens after different temperature treat-
ments are obtained. Figure 22a shows that the parameter s 
is obtained from the peak strength and is relatively constant 
with an increase in temperature from 25 to 150 °C. However, 
s quickly decreases to 0 with the increase in the temperature 
from 150 to 600 °C. Subsequently, it remains zero when the 
temperature increases to 750 °C. The parameter s is obtained 
from the crack damage threshold and increases slightly with 
an increase in the temperature from 25 to 150 °C. The s 
parameter obtained from the crack damage threshold quickly 
decreases to zero with an increase in the temperature from 
150 to 600 °C. Finally, this remains zero when the tem-
perature increases to 750  °C. This analysis shows that 
almost no thermal cracks are induced in the specimens at 
T ≤ 300 °C, but thermally induced cracks propagate quickly 
at 300 °C≤ T ≤ 600 °C. When the temperature increases from 
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Fig. 21   Frictional coefficient of granite with the temperature and ratio between RMSE and average with the confining pressure
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600 to 750 °C, it is difficult for thermally induced cracks to 
propagate due to the formation of macrocracks.

Figure  22b shows the variation in the parameter m 
obtained from the peak strength and crack damage threshold 
depending on the temperature. The parameter m obtained 
from the peak strength first increases with the increase in the 
temperature from 25 to 450 °C and then quickly decreases 
with the increase in the temperature from 450 to 600 °C. 
Finally, it remains relatively constant with an increase in the 
temperature to 750 °C. The m parameter obtained from the 
crack damage threshold first increases with the increase in 
the temperature from 25 to 150 °C and then decreases with 
increasing temperature. Based on this analysis, the speci-
men becomes stronger at 150 °C. However, the m parameter 
obtained from the peak strength increases when the tem-
perature increases from 150 to 450 °C, while its crack dam-
age threshold decreases. This indicates that cracks are more 
easily induced after thermal treatment and the ductility and 
frictional coefficient of the grains increase. This leads to a 
decrease in the stronger and weakness extent of the crack 
damage threshold, while the stronger and weakness extent of 
the peak strength increases. When the temperature increases 
from 600 to 750 °C, the stronger and weakness extent of the 
peak strength and crack damage threshold remain relatively 
constant.

5.4 � Mechanistic Control of High‑Temperature 
Effects on Strength and Permeability

The strength and elastic modulus of rocks generally decrease 
with increasing temperature due to thermally induced 
cracks. However, the experimental results show that the 
peak strength and crack damage threshold increase slightly 
at 150 °C. The origin of the thermally induced strengthening 
of sandstone at temperatures below 500 °C may be related to 

strain hardening based on localised plasticity development 
and to the transformations of goethite to hematite and/or 
smectite to illite at more modest temperatures on the order 
of 300 °C (Ranjith et al. 2012). Based on XRD results, Chen 
et al. (2017a) reported that the mineral composition of gran-
ite insignificantly changes after thermal treatment; however, 
the crystalline forms of the minerals change. Based on SEM 
observations of granite after thermal treatment, the microc-
rack closure due to thermal expansion improves the granite 
structure, which leads to an increase in its strength (Huang 
et al. 2017). However, SEM only scans the granite speci-
mens locally and thus is not representative for the overall 
characteristics of the granite samples. The variation in the 
porosity (Φ) and P-wave velocity (Vp) of granite after ther-
mal treatment is known to depend on the temperature, as 
shown in Fig. 23a. The results show that the porosity slowly 
increases with increasing temperature at T ≤ 400 °C and then 
quickly increases at T ≥ 400 °C. The rate of decrease of Vp 
is the ratio between the Vp decrease by thermal treatment 
to the Vp of granite specimens at room temperature. The 
rate of decrease of Vp is reflects the damage level of gran-
ite based on thermal treatment. Figure 23b shows that the 
Vp decreasing rate almost linearly increases with increasing 
temperature. Figure 23 shows that the amount of thermally 
induced cracks increases with increasing temperature, which 
contrasts with the hypothesis that microcrack closure due 
to thermal expansion improves the structure of the granite 
(Huang et al. 2017).

To verify that the amount of thermally induced cracking 
increases with increasing temperature, the permeability (K) 
of the granite after different high-temperature treatments 
was measured under different effective stresses. Figure 11 
shows that the permeability of the granite decreases non-
linearly with increasing effective stress, regardless of the 
temperature. At the same effective stress, the permeability 
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of the granite increases with increasing temperature. The 
relationship between the permeability and porosity is shown 
in Eq.  (2) (McKee et al. 1988). The porosity of granite 
increases with increasing temperature according to the ratio.

As explained in the previous section, the increase in the 
strength at 150 °C may be due to the increase in the fric-
tional coefficient with increasing temperature (Mitchell et al. 
2013). Therefore, a Mohr–Coulomb criterion was used to 
investigate the effect of the confining pressure on the peak 
strength and crack damage threshold of granite and thus the 
internal friction angle (φ) can be obtained. Figure 24 shows 
that the internal frictional angle of the granite obtained from 
the peak strength and crack damage threshold first increases 
with increasing temperature at T ≤ 450 °C. The figure also 
shows that the strength increase at T = 150 °C may be due 
to the increase in the frictional coefficient with increasing 
temperature.

6 � Conclusions

Granite is an excellent potential host for HLW repositories 
because of its low permeability and significant integrity. 
Based on experimental results for permeability evolution 
and failure response of granite subjected to thermal cycling, 
the following conclusions can be drawn.

1.	 The effect of high temperature on the physical behaviour 
of granite was analysed using the volume variation rate, 
mass variation rate, P-wave velocity, and thermal con-

(4)K ∝
�3

(1 − �)2
.

ductivity of granite as a function of the temperature. The 
experimental results show that the mass, P-wave veloc-
ity, and thermal conductivity of the granite decrease 
but the volume increases with increasing temperature. 
High temperature also has a notable effect on the perme-
ability evolution behaviour. The permeability decreases 
with increasing axial and confining pressure, while the 
confining pressure has a larger influence than the axial 
stress in the range of 10–50 MPa. A theoretical model 
was constructed to analyse the effect of the volumetric 
stress on the permeability coefficient of granite, which 
agrees very well with the experimental results. The ini-
tial and ultimate permeabilities increase exponentially 
with increasing temperature.
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2.	 The triaxial stress–strain curve of granite after high-tem-
perature treatment can be divided into five stages: (I) ini-
tial pore and fissure closure stage; (II) elastic deforma-
tion stage; (III) plastic deformation stage; (IV) post-peak 
failure stage, and (V) residual strength stage. The range 
of stage I gradually decreases with increasing confin-
ing pressure but this stage becomes more apparent with 
increasing temperature. The average slope between the 
stress and the axial strain (stage II) of granite increases 
nonlinearly with increasing confining pressure, but the 
increasing rate is more sensitive to the confining pres-
sure under suffering higher temperature treatment. With 
increasing temperature and confining pressure, the stress 
drop of granite during stage III becomes less and less 
obvious. During stage IV, the post-stress reduces slowly 
with increasing deformation. However, after high tem-
perature and at high confining pressure, the post-peak 
stress reduces significantly due to the formation of trans-
granular cracks. To some extent, the confining pressure 
decreases the effect of the high temperature pre-treat-
ment on the stress–strain curve.

3.	 The effect of high temperature on the triaxial defor-
mation and AE behaviour of granite was investigated. 
Under uniaxial compression, the Young’s modulus first 
increases, then decreases, and finally remains relatively 
constant with increasing temperature; whereas the vari-
ation sensitivity reduces with increasing confining pres-
sure. At T ≤ 300 °C, stress drops can be observed before 
the peak strength is reached, which correspond to a 
significant AE event and are caused by the formation 
of multiple splitting tensile cracks in the loading direc-
tion. At T ≥ 450 °C, AE can be observed once a minor 
stress is applied because the failure mode is controlled 
by thermally induced cracks. However, under triaxial 
compression, the temperature has little effect on the AE 
characteristics. The granite fails along the shear fracture 
plane, which widens with increasing confining pressure. 
However, at T ≥ 600 °C, intragranular cracks are more 
easily generated and the stress quickly decreases after 
the peak strength is reached. The shear plane is smoother 
at higher confining pressure.

4.	 With increasing temperature, the peak strength and 
crack damage threshold first remain relatively constant, 
then decrease, and finally are constant between 600 and 
750 °C. This can be explained as follows: Mica is oxi-
dised at 400 °C, the α–β phase transformation of quartz 
occurs at 573 °C, and macroscopic cracks are initiated at 
600 °C. Because the thermal stress is released, the prop-
agation of macroscopic cracks becomes more difficult. 
The peak strength and crack damage threshold of granite 
nonlinearly increases with the confining pressure. The 
mechanism based on which the high temperature affects 
the triaxial strength parameters of granite is discussed. 

At T ≤ 300 °C, thermally induced cracks are not notable 
and the temperature has a limited effect on the behaviour 
of granite. At 450 °C≤ T ≤ 600 °C, thermally induced 
cracks can be observed and the temperature has a signifi-
cant effect on the strength behaviour of granite. Because 
thermal stress is released by the formation of thermal 
macrocracks, the continuous increase in the temperature 
has a limited effect on the strength behaviour of granite, 
even at the maximum temperature of 750 °C.
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